Telomeres are composed of 'TTAGGG' repeats at the end of chromosomes, and telomere length plays a critical role in multiple human diseases including cancer (1, 2) . Telomere length is regulated by telomerase, the large multicomponent reverse transcriptase that recognizes, binds, and elongates the telomere ends using its intrinsic RNA template (3, 4) . The TERT gene encodes the catalytic subunit of telomerase, and its transcriptional regulation is usually the limiting step in telomerase activity (5) (6) (7) (8) . Telomerase activity is silenced in the majority of normal tissues, causing telomeres to shorten with each successive round of cell division (9, 10) . Eventually, a critical telomere length is reached (9, (11) (12) (13) , and cells enter replicative senescence (14) (15) (16) . In contrast, cells that require high rates of self-renewal such as cells in the ovary (10) , intestinal epithelium(17), and hematopoietic stem cells(18) have telomerase activity and can maintain telomere length over many cell divisions. The expression of telomerase is considered a hallmark of tumorigenesis, as over 90% of human cancers express the enzyme (10, 19, 20) . The cancers found to be telomerase negative use an alternative mechanism of telomere lengthening termed ALT(21-23). Furthermore, germline variation in genes involved in telomere regulation such as RTEL1, POT1, TERC, TERT, and genes of the CST complex underlies increased risk of glioma (24-27), melanoma(28), and cancers of the lung(29,30), bladder(28), and pancreas(31).
In 2013, two hotspot point mutations were found in the TERT promoter in 71% of melanomas (32,33). The mutations were located 124bp and 146bp upstream of the translation start site and referred to as C228T and C250T, respectively, based on their hg19 genomic coordinates. The mutations are typically heterozygous, occur in a mutually exclusive fashion, and both create an identical 11bp sequence 'CCCGGAAGGGG'. The mutated sequence has an increased similarity to an ETS binding motif, leading to the hypothesis that the mutations generate a de-novo binding site for an activating ETS family transcription factor (TF). Soon after their initial discovery, the TERT promoter mutations were found to be the most common point The high frequency of TERT promoter mutations in just two nucleotide positions strongly implicates them as driver events, arising upon tumor initiation or potentially later in tumor evolution(44). However, recent studies suggest TERT promoter mutations are among the earliest genetic events in bladder cancer(35), hepatocellular carcinoma(45), thyroid carcinoma(46), cutaneous melanoma(47-49), basal cell and squamous cell carcinoma(50), and oligodendroglioma(51). TERT promoter mutation may be the second genetic event following the activation of an oncogenic signaling pathway, such as MAP kinase signaling in melanoma (47) or Wnt signaling in hepatocellular carcinoma(45). It is unclear whether reactivation of telomerase through TERT promoter mutation is required only for early stages of tumorigenesis or is also necessary for sustained neoplastic growth(37).
Stem cells have been proposed as the cell of origin in multiple types of cancer. Because these cells express TERT, tumors originating from stem cells may not require TERT promoter mutations to activate telomerase and maintain telomere function. Interestingly, TERT promoter mutations occur most frequently in cancers with low rates of self-renewal, such as cancers of the brain, liver, and melanocytes(34). In human embryonic stem cells genetically engineered to contain the hotspot mutations, there was little effect on TERT expression, but these cells failed to silence TERT upon differentiation(52). These observations raise the possibility that cells with low rates of self-renewal and lack of TERT expression acquire a TERT promoter mutation to avoid replicative senescence during early carcinogenesis. In contrast, transformation of TERTexpressing stem cells such as hematopoetic stem cells may not require promoter mutation to maintain TERT expression through tumorigenesis. As an alternative to mutation, TERT promoter activation may occur through an epigenetic switch(53). Stern et al. 2015 has additionally suggested that TERT promoter mutations can convert the silent TERT promoter into an active chromatin state(54).
Germline variation near or within the TERT gene is associated with telomere length in peripheral blood leukocytes and risk of TERT promoter mutant (25,55) and non-mutant (56) (57) (58) cancer. Notably, the TERT promoter polymorphism rs2853669 modulates the prognostic value of TERT promoter mutations across a variety of tumor types. The rs2853669 common allele is thought to create a binding site for the ETS/TCF factor Ets2 99bp and 121bp upstream of the C250T and C228T hotspot mutations, respectively (59) . In the presence of a somatic TERT promoter mutation in the tumor, patients with the rs2853669 common allele showed decreased overall survival and increased tumor recurrence rate in bladder cancer (59, 60) and decreased mean survival in glioma (61) . Additionally, gliomas bearing the common allele of rs2853669 and a hotspot promoter mutation have significantly increased TERT expression compared to tumors with the rs2853669 minor allele, suggesting a possible molecular link between the hotspot mutation sites and the rs2853669 site in the TERT promoter (62) . However, other studies reported the minor allele to associate with decreased overall survival in TERT mutant glioma (63) or have no prognostic effect with either allele (64) . Thus, determining the precise prognostic value of rs2853669 may require larger sample sizes and cohorts with more extensive treatment information. Based on the identical 11bp DNA sequence motif created by the TERT promoter mutations, the mechanism of promoter activation was hypothesized to involve recruitment of an ETS family transcription factor. Indeed, site-directed mutagenesis of the hotspot positions in a promoter-reporter plasmid revealed the generated ETS motif was necessary for promoter activation(41). There are 27 ETS factors however, and most bind a very similar DNA sequence in vitro, suggesting extensive redundancy(83). It was therefore surprising that GABPA but not other ETS factors was identified to be the transcription factor responsible for mutant TERT activation(41). GABPA is the only ETS factor of those expressed in glioblastoma (GBM) to selectively regulate the mutant TERT promoter without affecting wild-type promoter activity.
Single molecule binding assays, chromatin immunoprecipitation and sequencing (ChIP-seq) and ChIP-qPCR analysis revealed that GABPA is exclusively recruited to the mutant allele in vitro and in vivo. GABPA binding to the mutant TERT promoter was conserved across cell lines from multiple cancer types including GBM, melanoma, hepatocellular carcinoma, and neuroblastoma.
This finding was later corroborated in bladder cancer(54). While the other ETS factors are active as a monomer GABPA is unique in that it can only function as a heterodimer or heterotetramer with GABPB(84-86). Analysis of the sequence content of GABPA binding sites at the TERT promoter and genome wide from GABPA ChIP-seq data, suggested that the promoter mutations create the second in a pair of binding motifs that are optimally spaced to recruit the heterotetramer complex. This work begins to explain how the mutant TERT promoter is activated, though factors binding to the sequences up and downstream of the mutation sites may cooperate ( figure 3 ). This study also provided supporting evidence as to why GABPA is a key, mutation-selective activating factor across multiple cancer types. It also raised a new, testable hypothesis as to why the mutations occur in the same two nucleotides in nearly all TERT-mutant tumors Li et al. have suggested that the C228T and C250T mutations may be subject to differential regulatory mechanisms in glioma(87). Utilizing a cell culture system of non-canonical NF-kB activation, p52 is recruited to the C250T mutation but not to C228T. Furthermore, p52 cooperated with ETS1/2 to induce TERT expression specifically in the context of C250T. That C228T and C250T are not functionally identical is independently supported by the fact that the two mutations do not occur at equal frequency within a given tumor type. For example, in one study of glioma, while 48% of patients were found to harbor the C228T mutation, only 22% contained the C250T mutation(51) (figure 2). Whether these biases in mutation prevalence reflect differences in upstream regulatory factors or significant differential effects on downstream TERT expression remains to be determined.
The mechanism of mutant TERT promoter activation has just begun to be revealed. It will be critical to elucidate the similarities and differences of all the proteins bound to the mutant promoter compared to the active wild-type TERT promoter. For example, Myc(88), Sp1(89), USF1/2(90), Id2(91), and Ets2(92) have all been reported to regulate TERT promoter activity.
Analysis of ENCODE ChIP-seq in HepG2 and SK-N-SH cells shows binding of the MAX transcription factor downstream of GABPA in the TERT promoter. However, this is also observed in the MCF7 breast cancer cell line that is wild-type at the TERT promoter, implying that MAX could be involved in regulation from the mutant and wild-type TERT promoter ( figure   3 ).
It remains unclear how GABPA is regulated by upstream signaling pathways within the context of TERT promoter mutant cancer cells. GABPA function is primarily regulated by its transport to the nucleus. Both the MAPK and Hippo signaling pathways modulate GABPA activity through post-translational modification and nuclear localization in different cell contexts (93, 94) . EGFR amplification and BRAF V600E mutation, both MAPK activating events, significantly co-occur with TERT promoter mutations in GBM and melanoma, respectively (32,34).
An increased mechanistic understanding of both germline variation and somatic mutation at the TERT promoter could help inform newer strategies to therapeutically target telomerase. Several attempts have been made to block telomerase activity in cancer patients, but thus far none are standard of care. Past strategies have included the use of small molecules, immunotherapy, gene therapy and G-quadruplex stabilizers (95) . One promising approach is the antisense oligonucleotide therapy GRN163L from Geron. By hybridizing and inhibiting the RNA template of telomerase, GRN163L reduced tumor growth in preclinical models of breast cancer (96, 97) , GBM (98, 99) , and pancreatic(100) and liver cancer (101) . The preclinical success has not translated to clinical benefit in cancer patients, as trials in breast, The GABP heterotetramer is made up of two GABPA(green) and two GABPB(blue) subunits.
GABPA is responsible for direct DNA binding, and one subunit is hypothesized to bind to the promoter mutation (stars in blue sections) while the other binds to a native ETS binding site further downstream (red highlighted section). 
